Solid solutions of K 2 Bi 8-X Sb X Se 13 is an interesting series of complex bismuth-chalcogenide compounds, which are attractive for thermoelectric investigations. The highly anisotropic structure in these compounds results in needle-like morphology along the b-crystallographic axis, leaving structural tunnels where K+ ions reside. The complex electronic structure that arises from a large and low symmetry unit cell and the weakly bound K+ ions, lead to high Seebeck coefficient, highly anisotropic electrical properties and very low thermal conductivity.
Introduction
Investigations of ternary and quaternary compounds of alkali bismuth chalcogenides 1 have shown that several compounds present promising thermoelectric properties. Alkali metals tend to create structural complexity in the crystal that can lead to complex electronic structure. The structure of β-K 2 Bi 8 Se 13 2 include two different interconnected types of Bi/Se blocks, K ions positionally and compositionally disordered with Bi and loosely bound K atoms in tunnels. These features seem to be responsible for the low thermal conductivity of this compound (~1.3 W/m.K at room temperature).
Recent work on thermal conductivity 3 has shown the influence of the Bi/Sb partial substitution in K 2 Bi 8-X Sb X Se 13 solid solutions; the low-temperature Umklapp peak of lattice thermal conductivity is gradually suppressed when the Sb concentration increases. For compositions x=5.6 and 7.2 the thermal conductivity peak is totally suppressed, and a temperature independent behavior appears, which is usually shown in ''electron crystal-phonon glass'' (ECPG) materials 4 . It is therefore interesting to examine the phonon spectra in this Sbrich range of compositions.
In this work are reported for the first time the reflectivity spectra in the FIR region for several members in the Sb-rich (x ≥ 6.0) side. Optical investigations are carried out on crystalline and pelletized samples. 5 and large ingots were grown using a vertical Bridgman technique. The crystallographic structure, reported elsewhere 6 , is shown in Fig.1 . The structure, highly anisotropic, is composed by interconnected rods of NaCl (100) -type and NaCl (111) -type local structures, and loosely bound K atoms in tunnels. Rods extend along the b-axis. Crystals of the material grow as long needles.
FIR reflectivity measurements were carried out at nearly normal incidence in the 70-500cm -1 spectral region, at room temperature, with a Bruker 113V FTIR spectrometer. The reflection coefficient was determined by typical sample-in-sample-out method with a gold mirror as the reference. 
Results and analysis
The samples as received had rough-cut surfaces produced by a wire-saw. The surfaces were prepared for optical measurements using successive mechanical polishing. K 2 Bi 8 Se 13 compounds are brittle, and have the tendency to sustain surface damage, and for this reason, several successive attempts of polishing were made and the result was monitored optically for high reflectivity in the FIR region. In several cases, the reproducibility -within a few percent-of two successive polishing/measurement cycles, failed. A far better reproducibility and also a much higher reflectivity signal were obtained in pelletized samples. In Fig.2 are presented -for comparison reasons-the FIR reflectivity spectra for K 2 Bi 8-X Sb X Se 13 , x=6.0, in single crystalline and pellet forms, in the 100-500cm -1 range. The spectral characteristics are the same; two well pronounced bands appear at about 100 and 150cm -1 and a smaller one appears as a shoulder at about 200cm -1 . The decrease in reflectivity at high wave numbers in the spectra of crystalline samples is indicative of the sustained surface damage and resulting roughness. 
Solid lines refer to a theoretical model based on 3-coupled Lorentz oscillators. Arrows indicate the phonon modes
In Figure 3 , are presented the FIR reflectivity spectra for the x=6.0, 6.4, and 6.8 members. Spectra are shifted vertically for clarity. All spectra show similar characteristics with two wellpronounced bands at about 100 and 150cm -1 and a smaller shoulder at about 200cm -1 .
The most commonly used fit to dielectric dispersion in ordinary crystals is the ''threeparameter model,'' where the dielectric function is modeled by the sum of independent damped harmonic oscillators,
) ( (1) where ∞ ε is the high-frequency (electronic) dielectric constant, ∆ε j the oscillator strength of the j-th transverse vibrational mode, ω 0j its frequency, and γ Τj its damping coefficient. The infrared reflectivity can be obtained from the complex dielectric response ε(ω) by 0886-F08-01.3
Attempts to analyze the FIR reflectivity in terms of the 3-parameter phonon model, without taking into account plasmon-phonon coupling 7, 8 did not satisfactory reproduce the experimental spectra. As is known 9, 10 , in the case of broad reflection bands (large LO-TO splitting), it is more accurate to use a ''four-parameter fit''
which explicitly includes the longitudinal (LO) vibrational frequencies and introduces longitudinal damping parameters. The four-parameter model implicitly contains a frequencydependent damping coefficient γ j for each mode, as reflected by the values γ TOj and γ LOj for ω TOj and ω LOj and this generalization substantially improves the fit of the broad reflectivity bands. 
Discussion
Detailed crystallographic studies 6 on K 2 Bi 8-X Sb X Se 13 carried out on single crystal X-ray diffraction have shown that the Bi/Sb substitution in the structure is in fact non-uniform. The substitution of Bi by Sb does not form true solid solutions in this system due to the large number 0886-F08-01. 4 of different metal sites in the structure. Regarding heavy metal atoms, there are eight Bi atoms that occupy nine crystallographic sites in the structure (M 1 to M 9 ) out of which 2 are of mixed occupancy with K (M 8 and M 9 ) and this appears as a random occupancy in these two sites. The M 8 and M 9 sites, which join the NaCl (111) -type and the NaCl (100) -type blocks, are the most receptive to Sb atoms and they are the first ones to be substituted at small x. For x>1.5, Sb tend to occupy M 1 , M 2 , M 3 , M 5 and M 7 sites, which have a slightly distorted octahedral coordination environment. Finally, sites M 4 and M 6 , which define more regular octahedral, are the most resistant in Bi substitution by Sb, and accommodate Sb atoms only at high values of x. In the view of non-uniform Sb substitution, it can be considered that for x ≥ 6.0 Sb already occupies all heavy metal sites but M 4 and M 6 . In this view, the Sb-rich compositional region can be considered as a transition from K 2 Sb 6 [Bi 1-X Sb X ] 2 Se 13 to K 2 Sb 8 Se 13 , where the term in brackets refers to the occupation of M 4 and M 6 sites. In the simplest of cases, as the concentration of components changes, the optical phonon frequencies just move smoothly (almost linearly) between the two end-member structures; one-mode behavior 12 . A more complex, two-mode behavior, arises from localized impurity modes in a crystal being the resulting perturbation due to the substitution that is sufficiently strong, the vibrational states of host-crystal phonon bands being split-off, producing non-propagating (and hence local) modes.
The Longitudinal (ω LOj ) and Transverse (ω TOj ) Optical phonon frequencies for the three x=6.0 to x=6.8 members are shown in Fig.5 . All three modes present a smooth, almost linear, dependence on composition. The highest wave number mode (ω TO3 , ω LO3 ) at about 200cm -1 shows the least dependence on composition, and both TO and LO modes are developed almost in parallel at about 215 and 218cm -1 respectively. The mid wave number mode (ω TO2 =160cm -1 and ω LO2 =185cm -1 at x=6.0) develop a smooth variation on composition, with a slightly higher slope for the TO mode. Based on the above linear trend, the TO and LO modes are expected to remain split at the x=8 (K 2 Sb 8 Se 13 ) end member, at 173 and 204 cm -1 for TO and LO, respectively. The low wave number mode ((ω TO1 , ω LO1 ) at about 80 and 138cm -1 for x=6.0 show opposite trend on composition. Extending the observed trend at x=8 end member, TO and LO frequencies seem to 0886-F08-01. 5 merge (115 and 114cm -1 ). The mixed model behavior observed, where one set of modes behaves like one-mode way and the other set in a two-mode way (also referred as random element isodisplacement -REI-model) can be the basis to explain the substantial suppression of the lattice thermal conductivity peak in the x=5.6 and x=7.2 members, which again re-appears in the x=8 end member
Conclusions
In this work are reported for the first time the reflectivity spectra in the FIR region for several members in the Sb-rich (x ≥ 6) side. Optical investigations are modeled with a 4-parameter factorized expression for the dielectric function and three Lorentz oscillators at about 80, 160 and 210cm -1 . Analysis of the TO and LO behavior on composition suggest a random element isodisplacement -REI-model for the development of TO and LO modes.
